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NUMERICAL SOLUTION OF THE UNSTEADY NAVIER-STOKES EQUATIONS
AND APPLICATION TO FLOW IN A RECTANGULAR CAVITY
WITH A MOVING WALL
by Leo F. Donovan

Lewis Research Center

SUMMARY

A computer program to solve the unsteady, two-dimensional, incompressible
Navier-Stokes equations was written in FORTRAN IV. The numerical method makes use
of an iterative solution of a Poisson's equation for pressure followed by an explicit cal-
culation of velocities. The computer program is included as an appendix.

Unsteady flow in a two-dimensional, rectangular cavity with the upper wall moving
at constant velocity is investigated using the computer program. The calculations start
with the fluid at rest in the cavity and continue until no further changes in velocity occur.
Results for cavities with aspect ratios of 1/2, 1, and 2 are presented for a Reynolds
number of 100. For a square cavity, results are also given for several Reynolds num-
bers between 100 and 500. Velocities calculated from the unsteady Navier-Stokes equa-
tions at large times are compared where possible to velocities calculated from the steady
Navier-Stokes equations and to the results of steady experiments; good agreement is
shown.

A technique for conducting a numerical flow visualization experiment in conjunction
with the solution of the Navier-Stokes equations is described. The results of the experi-
ment are recorded on film which can be shown as a motion picture. Selected frames
from the motion picture made during the investigation of cavity flow are reproduced in
this report to illustrate this method of data presentation.

INTRODUCTION

The availability of large, high-speed computers allows us to attack some formidable
and interesting problems. One such area of research is in the solution of nonlinear par-
tial differential equations describing physical phenomena. Analytic solutions can only be



obtained for certain special cases. In addition, the nonlinearity of the equations makes
them much more difficult to solve numerically than linear equations. However, some
progress has been made. The book by Ames (ref. 1) summarizes much of this work.

An additional difficulty with numerical solutions of partial differential equations is
that they provide a mass of detailed information that is very hard to assimulate and
understand. In order to overcome this problem Fromm and Harlow (ref. 2) have devised
a visual display technique for presenting the results of their fluid dynamics calculations.
This technique is analogous to a flow visualization experiment in the laboratory, in which
a tracer is introduced into a fluid to make the flow visible.

Fluid motion is governed by the continuity equation and Navier-Stokes equations,
expressing conservation of mass and momentum. Almost all the numerical solutions of
these equations have been for two-dimensional flows. Some investigators have trans-
formed the equations to stream function and vorticity coordinates. Pearson (ref. 3), for
example, has treated rotating disks in this manner. Other investigators have chosen to
retain velocity and position coordinates. Work by Harlow and coworkers (ref. 4) on free
surface flows falls in this category. Since Harlow's method has the advantages of com-
bining a successful numerical technique with visual display we have used it without the
free-surface feature in our studies.

The results of a numerical investigation of incompressible flow in a square cavity at
a Reynolds number of 100 are presented in reference 5. The present report describes
an extension of the technique to rectangular cavities and higher Reynolds numbers. The
differential equations describing unsteady, incompressible flow are discussed first. The
corresponding difference equations are then derived and the numerical method used to
solve them is presented. The method is then used to calculate the startup of flow in a
rectangular cavity with a moving wall.

An advantage of the technique is that unsteady results are obtained. However, since
no unsteady experimental results or prior calculation for cavity flow are available, only
comparisons at steady conditions are possible. Results for rectangular cavities with
aspect ratios of 1/2 and 2 are presented for a Reynolds number of 100. For flow in a
square cavity, results are given for Reynolds numbers from 100 to 500.

ANALYSIS
Differential Equations
Conservation of mass and momentum are expressed by the continuity equation and

Navier-Stokes equations, respectively. For constant density and viscosity the two-
dimensional forms of these equations for a Newtonian fluid are (ref. 6)
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In these equations u and Vv are the velocity components in the X and y directions,
P is the pressure, and EX and g_ are the body forces in the X and y directions.

The overbars are used to denote dimensional quantities.

(1)

(2)

(3)

The equations can be made dimensionless with a reference velocity W, a reference

length f, and the fluid viscosity v by the following substitutions:
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The viscosity v is thus the reciprocal of the Reynolds number.
The dimensionless forms of equations (1) to (3) then become
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The continuity equation can be used to write equations (6) and (7) in forms such that

the resulting finite difference equations will rigorously conserve momentum (see ref. 4).

Thus
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If the x- and y-momentum equations are differentiated with respect to x and y,
respectively, and the results are added and rearranged, the following Poisson's equation

for pressure is obtained

aX2 ay2 ot \ox oy aXZ 0xX 0y ayz

The first term to the right of the equality sign in this equation is the time derivative of
the left side of the continuity equation and, as such, should be zero. However, since the
continuity equation will not be satisfied exactly, this term is retained as a correction.

Finite Difference Equations

Computational mesh. - The finite difference mesh is shown in figure 1. The posi-
tions of the variables are chosen so that vertical walls pass through positions where the
u-component of velocity is defined, horizontal walls pass through positions where the
v-component of velocity is defined, and pressures are cell-centered. These positions
have been chosen to facilitate application of the boundary conditions.

If it is necessary to evaluate one of the variables at a position where it is not de-

fined, an average is used. For example,

_1
U5 5 M 5e1/2 * Y, e1/2) an
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Figure 1. - Computational mesh.

For conciseness, however, terms such as ui, j will be retained in the equations through-
out the remainder of this section,

Representation of derivatives. - When converting the differential equations to finite
difference form, centered differences are used to represent derivatives. For example,
du/ox and azu/ ax2 are approximated at the point (i, j) by

1
P (W 5012 = %, j-1/2)
and
1
—5 a1 7 2,50 %, 500)
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When the derivative of a product of undefined quantities 1s formed, the product is differ-
entiated and then averages are formed. For example, 0 (uv)/ 0x dy at the point (i,j) is
replaced by

P— (@i /2, 50172 = OVic1/2, 50172 = ig1 /2 jo1/2 + @512 501 /0]

A typical average is then

_1
Wi,/ 30172 = 5 i, et/ + 0, 501/20 0001 /2,501 * Vien 2,7 (12)
Difference equations. - If the abbreviation
d. .= 1 (u, . ) + (V . .) (13)
L,i 5x i,j+1/2 ~ Y,j-1/2 * 5y i+1/2,j - Vi-1/2,j

is introduced, the finite difference form of the continuity equation can be written as
. L= 4
d1,;| 0 (14)

Formally, the time derivative of the continuity equation is then

(d‘”l -4} )=0 (15)

where the superscripts n+ 1 and n refer to the advanced time and the current time,
respectively. Hereinafter, the lack of a superscipt will indicate the current time.

The finite difference Poisson's equation for pressure can be obtained from equa-
tion (10)

o = 1 Pi,i41* 9i,5-1 Piat, i 9i-1,5 (16)
1, 1,1 2 2 1]
2 — + — X oy

6x2 6y2

where




2

_ 1 (2 2
Ti,j T2 (“i,j+1 - 20y e ;)
X

2 ( % -
- [‘“V)i+1/2,j+1/2 - Vi g/ Ge1/2 T Wigge jo1+ ) 9 g )
1 (.2 2 2 1
+—5 5 \itl, ] - 2vi gt "i-1,j> 5t —d 5 (17)
y

The final term arises because equation (16) will be solved iteratively and therefore the
continuity equation will not be satisfied exactly. The discrepancy d . from the cur-
rent time is used as a correction during the calculations at the advanced time. Since it
is desired that the continuity equation be satisfied as closely as possible at the advanced
time, the dn+1 are set to zero. If the correction terms were not included in equa-
tion (16), the pressure iteration would have to be carried further; this would require
more computer time than the technique used here. Hirt and Harlow (ref. 7) discuss the
use of a correction term in more detail.

The finite difference forms of equations (2) and (3) for the velocities are
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These two equations are solved at each time step after the pressure has been determined.

Initial and Boundary Conditions

The specific problem to be solved will determine the initial and boundary conditions.
At a no-slip wall the tangential component of velocity is equal to the wall velocity; if the
wall is impermeable, the normal component of velocity is zero. At slip walls (i.e.,
planes of symmetry) the normal component of velocity is zero and the normal gradient of
the tangential component is zero. If fluid is entering and leaving the computing region,
sufficient information must be provided at the inlet and outlet to make the problem deter-
minant. If the fluid starts from rest, the initial conditions are simply that the velocities
are everywhere zero and the pressure is uniform.

For cavity flow, which is discussed later in this report, the appropriate boundary
conditions are no-slip, impermeable walls. One of the walls is moving at constant ve-
locity and the other three walls are stationary.

No-slip wall. - Fictitious tangential velocities outside the cavity are defined because
they are needed when equations (16) to (19) are solved for the row of cells just inside the
cavity. These fictitious tangential velocities are defined so that the interpolated values
of velocity at the wall satisfy the no-slip boundary condition. The fictitious velocities
are calculated at each time step, after the velocities inside the cavity have been evalu-
ated.

For a vertical wall at j - (1/2), figure 2(a), the fictitious velocity Vi-1/2,-j-1
would be evaluated so that



=1 _ .
Vi-1/2,j-1/2 = -2- (vi—l/z,j-l + Vi-1/2,j) = Constant all i (20)
where the constant is the wall velocity, which is zero for a stationary wall or unity for

the moving wall.
Similarly, for a horizontal wall at i - (1/2), figure 2(b), the fictitious velocity

Y1, j-1/2 would be evaluated so that

_1 _ .
Yi-1/2,5-1/27 5 (W;_1 j-1/2 + Y, j-1/2) = Constant all j (21)

where the constant is again the wall velocity.

N |
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£l \\ ,/ ]'J
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Figure 2. - Boundary conditions.

Impermeable wall. - The normal velocity at an impermeable wall can be written
directly. For a vertical wall at j - (1/2), figure 2(a),

ui,j-1/2 =0 all i (22)
For a horizontal wall at i - (1/2), figure 2(b),
0 all j (23)

Vi-1/2,j °

Pressure. - Fictitious pressurés outside the cavity are also defined because they
are needed in the solution of equation (16) for the row of cells just inside the cavity. The
Navier-Stokes equations can be evaluated at the walls to determine the fictitious pres-
sures since the normal component of velocity is always zero at an impermeable wall.
For a left stationary wall at j - (1/2), figure 2(a), the fictitious pressure 5, §-1 can
be calculated from equation (18) as
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For a stationary bottom wall at i - (1/2), figure 2(b), the fictitious pressure ¢, j can

be calculated from equation (19) as

2v
ox

(25)

P 5= Pic1, it W je1/2 ” Yo, -1/2)
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The velocities are known, either from the initial condition or the previous time cycle.

Numerical Flow Visualization Experiment

The traditional way of presenting the results of experimental or numerical fluid
mechanical investigations is not the best way of helping one form a coherent, overall
picture of a complicated flow situation, especially if the flow is unsteady. Flow visual-
ization experiments, in which a tracer is introduced into the fluid to make its movement
visible, have been designed to overcome this difficulty in the laboratory. A numerical
analog of a laboratory flow visualization experiment offers the same advantages for nu-
merical fluid dynamics studies. The technique devised by Fromm and Harlow (ref. 2)
employs special marked particles that move with the fluid as the tracer. A microfilm
recorder is used to photograph the marked particles displayed on a cathode ray tube.
The sequence of photographs, when viewed as a motion picture, shows the behavior of
the fluid clearly. The marked particles serve only to make the flow visible and do not
enter into the solution of the Navier-Stokes equations.

The flow visualization experiment is conducted as follows: At the start of the calcu-
lation an initial uniform distribution of either one or four particles per cell is imagined
to be distributed throughout the fluid. Particles at these positions are displayed as
small plus signs on the cathode ray tube and are then photographed. Thereafter, at each
time step in the calculation, the particles are moved with velocities appropriate to their
location and time, displayed on the cathode ray tube, and photographed.

The distance a particle is moved is simply the product of the velocity at its current
location and the time interval over which that velocity is assumed to exist (i.e., the time
step in the solution of the Navier-Stokes equations). Since the particles will not in gen-
eral be located precisely at positions where the velocities are known from the solution of
the Navier-Stokes equations, a way of estimating their velocities is needed. The com-
ponents of the velocity of a particle are calculated as the weighted averages of the veloci-
ties at the four closest positions at which those velocities are defined. Since u and v
velocities are defined at different positions, velocities at eight positions will be involved
in the movement of one particle. The weight assigned to a velocity is inversely propor-

10
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Figure 3. - Calculation of particle
velocity.

tional to its distance from the particle in question. Figure 3 shows a typical particle
and the velocities that are used to estimate the particle velocity.
A film (C-271) entitled ""Computer- Generated Flow-Visualization Motion Pictures"’

shows how this technique is used. A request card and a description of the film are in-
cluded at the back of this report.

CAVITY FLOW
Background

As a specific example of a problem that can be solved with the technique presented
in this report, consider the startup.of flow in a long groove, over which an endless belt
is drawn at constant velocity. A cutaway view of such a groove is shown in figure 4.
This situation, which is difficult to study experimentally without disturbing the flow, has
relevance in bearing and seal studies, where it is the limiting case of a spiral groove
seal. In this case, the results of interest would be the integrated pressure over the

belt, which is the net lift, and the minimum pressure, which would indicate whether
cavitation would be a problem. _

11



Figure 4. - Cutaway view of groove and belt,

If the groove is long enough, the flow at each cross section, except near an end,
will be the same. Steady flows such as this have been investigated experimentally and
numerically so that comparison with prior work is possible.

If the upper surface of a fluid-filled cavity is moving in its own plane with constant
velocity, a circulatory motion of the fluid is set up within the cavity. Time-exposure
photographs have been taken (refs. 8 and 9) of flows into which a tracer has been injected
so that the qualitative features of the steady flow are known. For cavities with aspect
ratios (i.e., depth/width) of 1 or less, most of the fluid rotates about a point - the vor-
tex center - where the vector velocity is zero. The main vortex occupies most of the
cavity but small, weak, counterrotating vortices exist in both lower corners. For a
cavity with an aspect ratio of 2, there is, in addition, a large, weak, counterrotating
vortex occupying most of the lower portion of the cavity.

Steady flow in a two-dimensional cavity has been analyzed (refs. 8 and 10 to 15) by
numerically solving the steady Navier-Stokes equations. Burggraf (ref. 12) has also
obtained an analytic solution to the linearized problem for an eddy bounded by a circular
streamline. The starting flow problem, the fluid being initially at rest, was considered
by Greenspan (ref. 16); however, only steady results were presented.

The technique devised by Harlow (ref. 4) for calculating free surface flows was used
in reference 5 to solve the problem of unsteady flow in a square cavity at a Reynolds
number of 100. The calculations were carried out until velocities were no longer
changing, at which point they were in excellent agreement with a numerical solution of
the steady Navier-Stokes equations. In addition, the terminal position of the unsteady
vortex center agreed well with the position of a vortex center estimated from a time-
exposure photograph of a steady vortex.

12



The parameters of interest are the aspect ratio of the cavity and the Reynolds num-
ber of the flow. Cavities with aspect ratios of 1/2, 1, and 2 are studied at a Reynolds
number of 100. Flows with Reynolds numbers between 100 and 500 are investigated in a
square cavity,

Remarks

For cavity flow it is convenient to choose the length and velocity of the moving wall
as the reference length and velocity used to make the Navier-Stokes equations dimen-
sionless. The cavity is assumed to be bounded by no-slip, impermeable walls. The
fluid is at rest at the start of the calculation and the value for the initial uniform pres-
sure is chosen to be unity. The reference location for pressure, where a value of unity
is maintained, is the center of the wall opposite the moving wall.

Space increments of 0.05 and a time step of 0.02 were found to be satisfactory for
Reynolds numbers from 100 to 500. Some of the calculations were also performed with
space and time increments halved, and essentially the same results were obtained. Ap-
proximate stability criteria are discussed in appendix B.

A difficulty with particle movement arose when a particle was near a wall where the
boundary layer was very thin. It was noticed that particles tended to congregate along
the upper part of the right wall. Then a crescent-shaped region devoid of particles
formed along most of the remaining part of the right wall and extended into the cavity.
In order to circumvent this problem the calculation of tangential velocity components of
particles within half a mesh spacing of a wall was modified.

A possible velocity profile in a thin boundary layer is marked '"'actual’’ in figure 5.
If a particle is located at position P, for example, the interpolation scheme for particle
movement using four mesh-point velocities underestimates particle velocity. If only the
two mesh-point velocities within the cavity are used, particle velocity is overestimated.
For the profiles shown in figure 5, however, the two-point interpolation is superior.
This two-point interpolation scheme was used for particles within half a mesh spacing of
a wall, and no further anomalous particle motion was noted.

About 1/2 minute of IBM System/360 Model 67 computer time was required per di-
mensionless time regardless of Reynolds number for a square cavity. However, longer
runs were necessary to reach steady conditions at larger Reynolds numbers. The cri-
terion of steady conditions we have used is that the position of the vortex center change
less than 1 percent over a period of 5 dimensionless time units. For a Reynolds number
of 100 this occurred at about a dimensionless time of 10; for a Reynolds number of 500,
it was not reached until about a dimensionless time of 25. For cavities of aspect ratio
1/2 or 2, the number of mesh points in the longer direction was doubled and about twice
as long a running time as for the square cavity was needed.

13
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Figure 5. - Calculation of particle velocity in a thin boundary layer on a wall.

Discussion of Results

Cavity flow is characterized by the aspect ratio and the Reynolds number. Aspect
ratio is the cavity depth divided by the cavity width. Reynolds number is the product of
the length and velocity of the moving wall divided by the fluid viscosity.

Aspect ratio, 1/2; Reynolds number, 100. - Figure 6 is a time-exposure photograph
(ref. 8) of a steady vortex in a cavity with aspect ratio of 1/2 at a Reynolds number of
100. Washing powder has been added to oil to make the flow visible. A tape is pulled
across the cavity to provide the moving surface. Figure 7 compares the position of the
vortex center estimated from this photograph with the position calculated by Zuk and
Renkel (ref. 15) from the steady Navier-Stokes equations and with the position deter-
mined from the unsteady Navier-Stokes equations at large time. The numerical solutions
are in good agreement with the experimental value. The path of the instantaneous posi-
tion of the vortex center is also shown; it starts under the midpoint of the moving wall,
shifts downstream (i.e., in the direction of movement of the wall) and into the cavity,
and turns upstream slightly to attain its terminal position.

Figures 8 and 9 compare terminal velocities from the solution of the unsteady
Navier-Stokes equations with velocities calculated from the steady Navier-Stokes equa-
tions (ref. 15). The comparisons are shown as velocity traverses through the vortex
center; figure 8 shows velocity parallel to the moving wall in the vertical traverse and
figure 9 shows velocity perpendicular to the moving wall in the horizontal traverse. In

both figures the agreement is good.
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Figure 6. - Time-exposure photograph of vortex in cavity of aspect ratio 1/2, Reynolds number, 100, (From ref. 8.)
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Figure 9. - Horizontal velocity traverse through vortex center in
cavity of aspect ratio 1/2, Reynolds number, 100,
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Figure 1G. - Position of vortex centers in cavity of aspect ratio Z.
Reynoids number, 100.

Aspect ratio, 2; Reynolds number, 100. - Two large vortices exist when the aspect
ratio of the cavity is 2. Figure 10 compares the terminal positions of vortex centers
calculated from solutions of the steady and unsteady Navier-Stokes equations at large
times for a Reynolds number of 100. The authors of reference 15 calculated the steady

case for comparison with the unsteady result. The numerical solutions are in good
agreement with each other; no experimental value is available for comparison. The
path of the instantaneous position of the upper vortex center is also shown and is similar
to the path for cavities with aspect ratios of 1/2.
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Figure 12, - Horizontal velocity traverse through upper vortex
center in cavity of aspect ratio 2. Reynolds number, 100.

Figures 11 to 14 compare traverses of terminal velocities calculated from the un-
steady Navier-Stokes equations with velocities calculated from the steady Navier-Stokes
equations. The agreement between the solutions is good. Figures 11 and 12 are tra-
verses through the upper vortex center. It can be seen that the flow in the upper part of
the cavity is similar to the flow in the cavity with an aspect ratio of 1/2 shown in figures
8 and 9. Figures 13 and 14 are traverses through the lower vortex center. The flow in
the lower part of the cavity is much slower (about two orders of magnitude) than in the

upper part.
17
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center in cavity of aspect ratio 2. Reynolds number, 10C.



Figure 15, - Time-exposure photograph of vortex in square cavity. Reynolds number, 100, (From ref, 8.)

Square cavity. - Figure 15 is a time-exposure photograph (ref. 8) of a steady vortex
in a square cavity at a Reynolds number of 100 from which the position of the vortex cen-
ter can be estimated. Figure 16 compares this estimate with the positions determined
from two numerical solutions of the steady Navier-Stokes equations (refs. 12 and 15) and
the unsteady Navier-Stokes equations at large times. The agreement among these vari-
ous methods is excellent. The path of the instantaneous position of the vortex center is
also shown; it is similar to the paths for cavities with aspect ratios of 1/2 and 2.

Figures 17 and 18 compare terminal velocities from the solution of the unsteady
Navier-Stokes equations with velocities calculated from the steady Navier-Stokes equa-
tions (ref. 15). The curves, showing traverses through the vortex center, are similar
to those already presented for a cavity with an aspect ratio of 1/2. The agreement be-
tween the solutions is excellent. The flow in this square cavity is similar to the flows
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Figure 16, - Horizontal velocity traverse through vortex center
in square cavity. Reynolds number, 100.
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Figure 19. - Vertical velocity traverse through vortex center
in square cavity.

in the cavity with an aspect ratio of 1/2 and the upper part of the cavity with an aspect
ratio of 2.

Figures 19 and 20 show how velocity traverses through the vortex center change as
Reynolds number is increased from 200 to 400 in a square cavity. For larger Reynolds
numbers the extent of the inviscid portion of the flow is greater. This is shown by the
increased portion of the velocity profile that is linear about the vortex center. The only
prior calculation available for comparison (ref. 12), a vertical traverse from a solution
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Figure 21. - Vertical velocity traverse through vortex center in
square cavity. Reynolds number, 400.

of the steady Navier-Stokes equations at a Reynolds number of 400, shows good agree-
ment in figure 21 with the solution of the unsteady Navier-Stokes equations at large

times.
Figures 22 and 23 show velocity traverses through the vortex center in a square

cavity for a Reynolds number of 500 at various times. It can be seen that at successive-
ly larger times the inviscid portion of the flow occupies progressively larger fractions of

the cavity.
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Figure 24 shows three-dimensional plots of the pressure fields for a Reynolds num-
ber of 500 and the same times as the velocity traverses shown in figures 22 and 23. At
the upper left corner of the cavity the pressure is below the reference pressure. The
pressure rises along the moving wall, reaching a value greater than the reference pres-
sure near the upper right corner on the last frame. A local minimum exists at the vor-
tex center. The pressure fields for lower Reynolds numbers were similar to those
shown in figure 24, but the minimums and maximums along the moving wall were more
pronounced.

Figure 25 shows the effect of Reynolds number on the positions of the unsteady vor-
tex centers as well as the terminal positions of the vortex centers for several Reynolds
numbers from 100 to 500 in a square cavity. Increasing the Reynolds number shifts the
terminal position of the vortex center upstream and farther into the cavity. These posi-
tions fall quite close to the asymptote from linear theory (ref. 12), shown as the line
drawn from the center of the cavity to the moving wall. The path of the instantaneous
vortex centers moves farther downstream before turning down at the wall and then up-
stream as Reynolds number increases.

Flow visualization. - Numerical flow visualization motion pictures were made for

each of the runs. Selected frames from two motion pictures have been chosen to illus-
trate the numerical flow visualization experiments. Figure 26 is for a square cavity at
a Reynolds number of 100. The first frame shows the initial distribution of four parti-
cles per cell at the start of the calculation. The remaining frames show that the fluid
close to the upper moving surface is dragged along by the upper surface and forced to
turn down at the right wall, The fluid flows along the right wall, gradually turning back
to the left and then upward, only to be directly influenced by the moving surface and
dragged to the right again.

Frames from a positive print of the motion picture of flow in a cavity with an aspect
ratio of 2 at a Reynolds number of 100 are given in figure 27. The first frame shows the
initial distribution of one particle per cell. Succeeding frames show the development of
the flow at dimensionless times of 1, 2, 3, 4, and 10.

The circulatory nature of the flow is evident in these figures, even though it is seen
much more dramatically in the motion pictures. The effect of the moving wall can be
seen to propagate into the cavity with time. The lower portion of the cavity remains
relatively quiescent, even at a dimensionless time of 10. Later frames show the-begin-
nings of the development of the weak vortices. The small triangle above the cavity is
used to show the velocity of the moving wall in the motion picture.
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CONCLUDING REMARKS

A computer program to solve the unsteady, two-dimensional, incompressible
Navier-Stokes equations was written. The program was used to investigate unsteady
flow in a rectangular cavity with a moving wall. The calculations started with the fluid
at rest in the cavity and continued until no further changes in velocity occurred.

Flow in cavities with aspect ratios of 1/2 and 1 and in the upper part of a cavity with
an aspect ratio of 2 were similar at a Reynolds number of 100. This was true of the un-
steady, as well as the steady, flow.

As the Reynolds number increased from 100 to 500 in a square cavity the inviscid
portion of the flow occupied a progressively larger portion of the cavity. At all these
Reynolds numbers the inviscid portion of the flow about the vortex center increased
during the initial period.

For a square cavity the path of the instantaneous position of the vortex center ap-
proached the downstream wall more closely with increasing Reynolds number, even
though the terminal position of the vortex center moved closer to the upstream wall.

No stability problems were encountered in any of the runs. The velocities at large
times were compared where possible to velocities calculated from the steady Navier-
Stokes equations or the results of steady experiment; generally satisfactory agreement
was shown.

A numerical flow visualization experiment was described. This technique uses
marked particles to show the motion of the fluid. A microfilm recorder is required in
order to display and photograph the particles. At the end of a run the sequence of photo-
graphs can be projected as a motion picture which shows clearly the development of the
flow. The coding necessary to perform such an experiment is included in the computer
program for solving the Navier-Stokes equations.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, February 1, 1971,
129-01.
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APPENDIX A

SYMBOLS

Description

correction term, eq. (13)

body force in X- and y-~directions
dimensionless body forces, ig/ \;’2
dimensionless cavity length in y-directioh
subscript indicating y-position

subscript indicating x-position

reference length (length of moving wall for cavity flow)
superscript indicating nth time step
pressure

superscript indicating qth iteration
abbreviation, eq. (17)

time

dimensionless time, -W—t_/ L

velocity in X-direction

dimensionless velocity in x-direction, E/W
velocity in y-direction

dimensionless velocity in y-direction, V/ w

reference velocity (velocity of moving wall for cavity
flow)

dimensionless cavity length in x-direction
horizontal direction

dimensionless horizontal direction, E/f
vertical direction

dimensionless vertical direction, ?/_I:

time step



Mathematical FORTRAN

symbol symbol
0x DELX
oy DELY
72—
v VISC
T
@ PHI
w OMEGA

Description

space increment in x-direction
space increment in y-direction
fluid kinematic viscosity
dimensionless kinematic viscosity
fluid density

dimensionless pressure, f/ ;@.2

relaxation factor
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APPENDIX B

DESCRIPTION OF COMPUTER PROGRAM

The three major calculations performed by the computer program are the solutions
of the equations for pressure and for both velocities. Additional calculations are re-
quired to determine the position of the vortex center and for particle movement, plotting
routines, etc. Since the continuity equation will not be satistied exactly, the d; i,i will
not in general be identically zero. It is necessary, however, that the contmulty equation
be satisfied sufficiently closely at each time step. Following Harlow (ref. 4), we make
sure that each d; . is smaller in absolute value than 3. 5x1077.

The P01sson s equation for pressure will be solved iteratively. In order to expedite
convergence, successive overrelaxation (see ref. 17) is used. With the introduction of a
relaxation factor w, equation (16) becomes

1 Yi,j1 % 91,j-1 %ie1,j T 9i-15

i,j
1 1 6x2 6y2 ’

q+1

¢i5 =(1- w)(ﬂl (B1)

where the superscript g indicates the qth

values of the ¢ shown without superscripts are used. A relaxation factor of 1.8 has
been used without any attempt at optimization.

The iteration is continued until the field converges to some desired degree. Satis-
factory results have been obtained when the criterion suggested by Harlow (ref. 4)

iteration. The most recently computed

q _ q-1
(055 i | < ax10™4 (B2)
9.’ \ a-1] , 42, 2. h
.9”1,1 oy | gyt el e leghl

is satisfied at each point,
The velocities are calculated explicitly so that the time step is limited by stability

conditions. Hirt (ref. 18) has suggested approximate criteria

S T (B3)

2

and

y>15x2 20 (B4)
2 ox
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where u is the average maximum fluid speed and 2u/8x is the average maximum ve-
locity gradient in the direction of flow. Equation (B3) indicates a time step of 0.02 for

a Reynolds number of 100. Equal space increments were used to give a 20 x20 mesh and
it was observed that equation (B4) was satisfied also. The same time and space incre-
ments were also found to be satisfactory for Reynolds numbers as large as 500, indi-
cating that these criteria are somewhat conservative for this cavity flow.

It remains to expand terms such as ui, . prior to coding. Capital letters are used
to represent the FORTRAN notation for the finite difference variables. Since fractional
subscripts are not allowed, U(I, J) is used for Y i11/9 and V(I,J) is used for Viel/2, i
the other variables are cell-centered, so that arguments (I,J) represent (i, j).

The computer program was written to be run on an IBM 360 Model 67 computer in
the time-sharing mode. Unless the program is being restarted, the BLOCK DATA sub-
program named CBLKC must be loaded before the main program named MAIN. Addi-
tional routines are required for calculating running time (CPUTIM), microfilm plotting
(LRGON, LRCNVT, LRGRID, LRANGE, LRCHSZ, LRLEGN, LRXLEG, LRYLEG,
LRTLEG, LRCURV, LRMRGN, LRMON, LRMOFF, LRNON, LRNOFF, LRSON,
LRSOFF) given in reference 19, and drawing isometric views (PLOT3D, ROTATE)

given in reference 20,

Outline of Computing Procedure

An outline of MAIN is given below. The names of SUBROUTINE or ENTRY calls
are listed at the right.

(1) Read and write the input data. oo
(2) Calculate constants that will be needed. INIT, CONSTT
(3) Calculate and plot the initial particle positions. PART, PRINTI
(4) Calculate D and R at time T. DANDR
(5) Calculate PHI at time T + DELT. PRESS, ITER
(6) Calculate U and V at time T + DELT. UANDV
(7) Calculate the position of the vortex center. VTXCTR
(8) Calculate and plot the new particle positions. MOVE
(9) Print D, U, V, and PHIif T=0,1, 2,3, . . . PRNTN
(10) If T <X TLAST, return to step 4; if T = TLAST, PRNTF

prepare final prints and plots.
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Input

NAMELIST is used for data input; the variables, with default values listed at the
right, are any or all of the following:

DELX, DELY space increments ' 0.05
DELT time step 0.02
w depth/width ratio of cavity 1.0
TLAST dimensionless time at which to end calculations 2.0
VISC kinematic viscosity 0.01
OMEGA relaxation factor 1.8
MOVIE logical variable, true if a motion picture is desired .FALSE.
SECOND .logical variable, true if program is being restarted .FALSE.
NPPC number of marked particles per cell 1
Output

Marked-particle positions are recorded at every time step in the calculation.
Printed output, consisting of all values of D, U, V, and PHI is generatedat T =0, 1,
2, 3, . . .. Atthe end of the calculations, microfilm plots are made of the instanta-
neous positions of the vortex center. Horizontal and vertical velocity traverses through
the vortex center and an isometric view of the pressure field are also plotted.

The printed output from the final time for the default values of the input variables is

given in appendix C.
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APPENDIX C

OUTPUT FROM SAMPLE PROBLEM AT DIMENSIONLESS TIME 2
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APPENDIX D

COMPUTER PROGRAM LISTING
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)3
b

|

—=SPLHTINN DF UASTEADY NAVIFR-QTIOWRES - ATl e
=0 TAVITY R T

r Lon FILY . INDL2FnT
c V5EF (VTN VP NINAMF =L AVITY (AT [N= )t Tt
c

LOAD [ LKG, CYATN
7 USE RACK LONTINUFLTNO[RECT

i s PUIAT MTIT L IMVIRECT o 4 o FETT o FRAST
i r FEASE 2 STARTINDIY 20
i c
4 Femem SLEEPATIC BTAGRPAY FIR CALMTILAT 10N
! e i
f " (¥=l{,Y20) (X=w,Y:C)
! - $mmmm o —— +
; o ' Ll
| c . ' LFFT WALy e s
1 c . ‘ az-
I - , )
! I3 ' '
! c e .
' [ (=), ¥=H) (X=viy¥ztt)
! -
<
Cme emmTHE MICROFIE® AYTT PLOT RSP ECTS THIS NIAGEANM 3700 T T (=AXTS

[ Ir Twl MICRSFILY COTPYUT IS SHO A% AS A MIVt, 4 7 "r b0 4 TaTp e e S
LAGICAL MOVIE,SICOND

COUVMON DEEX G NEL Y, LTy ay Hy TEAST VISE " ¥ 54,0%, 7Y,

1 ELXS Y DELYSO Xy DY Sy GXDFLX  GYDELY (VIS (v 167y 1 ver, ey,

2 XUV XAYQ VX G VY g VXY G ERELUX ot DE LY TXAY, I LIV Y DY S e Ly NUAST

3 KL LT addy LIP L QP y LIMT 0 ML g Ty YELDHT oMY o7 8 My X AKX AT
COMMONALUYBZULAG 1404321 JNTOG 404 e 212001 {04440y MU g0 ) o0 [Ang G,y

T DCOF g PEONGMAXT Ty [TERDy TIFRT S I¥AX

CrMMER/MIZM, MUAST X ELALC ) vV LET )

CUMMENIVO /YO XTTE0U VY LLH DY 3 J7HISH )y 200

CUMMON /DL SVPKOEL LS )}y IPREY [ (51 VERTRS V] 440 #70SEA)
NANMELIST/ZINPUT/OEL Xy BELY ¢ 0L T o ag TLAST VIS, 0 ME ST VIE , SECOND P07
CALL €PUTIVINY)

——VISC 1S YL A CIPE AL PF THE OF Y8 M DS gy anf R

——DMFAA TS THE QFLAXATTUN FACTNR

~NIOPC IS THF ANgviEw [(F PARTICLES 282 CFLL

SeSECOND 1S LFRUF. TF POIG244 1S AEING 2F STAC TF )

o [N TUIS CASF, INEET [ 0AD BLOCK OATA
NELXET L 08

MPVIT =aFEALSE.

SECOr +FALSF.
EETEEY
aA=1.0C
AChn=a
[ KIAT AND WRITFE THY DATA

Q-a" L, NPT
ARITELO 1A ) DEL X g YFLY 3 DELT oW FoTLAST,,VISZ, PG4, 0Y,GY

v FFUSECTNOE RTAMLTY TotdeVePHL Nyl Ky NOMNg DOONGMAXT T, FYFRM, [182T, -
I #LAST A, Xy ¥y ACHG, VER TPS, YR Y F L, HRIDS URRSTL GVl X Y ¥
TF(SECONDY REWIMO L
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IFL.NOTLSECOND) T=0.0
C--—=-CALCULATE THE CONSTANTS NEEDED IN THE VARIOUS SUBRCUTINES
CALL CONSTY
IF{SECOND) GO TO 25
TFIRST=0.0
Com——- PRINT INENTIFYING INFORMATION ABCUT THE RUN AND DESCRIPTIVE
C--—-- MATERIAL FOR THF MOVIE
5 CALL INIT
IF(MCVIE) CALL LEADER
IF(SECNND) GO TO 6
Cm—=mm CALCULATE INITIAL PARTICLE POSITIONS
CALL PART
C-—--- PRINT INITLAL PARTICLE POSITIONS
CALL PRNTI
C-——- START OF CALCULATICN LOCP
L=1
K=2
TFIRST=DELT
NFIRST=1
G0 TC 7
6 TEIRST=T#DELT
NFIRST=(T+DELT+0.001) /DELT
7 DO 14 N=NFIRST,NLAST
T=TFIRST+FLOAT (N-NF[RST ) %DFLT

Cmmmmm CALCULATE D AND R FROM U AND V AT TIME T
CALL DANDR

R CALCULATE PHI AT TIME T+DELT
CALL PRFSS

C--———CALCULATE U AND V AT TIME T+DFLT
CALL UANDV

C-~--—CALCULATE THE POSITION OF THE VORTEX CENTER
CALL VTXCTR

G MOVE PARTICLES
CALL MOVFE

C~=———PRINT NFW PARTICLE POSIT INNS
CALL PRNTN

8 IF{ARS{T—-ACHG).LT.0.001) GO T 17
13 GO TO (11,12),L
11 L= 2?2
K= 1
GO TO 14
12 L= 1
K= 2
14 CONTINUF
GO TO 9
17 CALL CPUTIM({NZ)

C-~==- RUNTIM [S CPU TIMF [N MIMNUTES
RUNTIM=FLOAT(N2-N1)/100CC2N.0
WRITE(6,15) 7T
WRITE(6,28) RUNTIM
WRITE(6423) ((DUIyd)e1=3,0d)4d=3,J0)
WRITE(6,18) {{UlTy14K)yJ=3,0d),1=3,11)
WRITE(H419) {({VIIsJeK)9pd=3,JJ),1=23,11)
WRITE(S,20) ({(PHI([,J)eJd=24JdPLl),I=2,11P1)
WRITE(6,426)

BACKSPACE 6
ACHG=ACHG*+A
WRITE{LU) ToUyVePHTDyL oKy DCONGPCONZMAXIT, [TERO, I[TERT, -
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1 MLAST,MMAX, Xy Y+sACHG ¢ VERTPS , VPROFL yHOR7PS 4 UPRNFL 4VCX,VCY
REWIND 1C
IF{ TLTLTLAST } GO TC 13
9 IF(MOVIE) CALL TAIL
WRITEL10) TyUyVePHIDyL oKy DCONGPCON,MAXIT, I TFRO,ITERT,
1 MLAST ¢yMMAX ¢ X Y g ACHGVERTPS y VPROFL  HNRZPS, UPRNFL 4VTX,VCY
REWIND 10
C-——=PRINT FINAL FRAME OF MOVIF ANC POSITINNS OF VORTEX CENTERS
CALL PRNTF
i sSTOP
¥ 25 WRITE(6,15) T
; WRITE(5423)
WRITE(6,18) (
{
{

5
|

D([OJ"J=3'JJ,11=3QII) '
UCT e JeK) 9d=3 43001 o7 =3,11)
VIIsJeKted=3,Jd)141=3,111)
PHI LT 4d)Y»J=2,4JP1),1=2,11IP1)

WRITE(6,19)
WRITE(6420)

i WRITF(6,26)

i BACKSPACE 6
GO TO 5

15 FORMAT(4HLIT= ,F10.4)

16 FORMAT(1LHO+10(F6.3))

L8 FORMAT(2HLU/ (10EL12.4))

19 FORMAT (2HLIV/(10F12.4))

26 FORMAT (4HLIOPHI/ (11F11.4))

23 FORMAT{2HOD/(10F12.4))

26 FORMAT(1X, 'J0OB TERMINATED HERE')

28 FORMATU12HOCPU TIME = 4E1648, THMINUTES)
END

FUNCTION FPRESS(X,Y)
COMMON DEL Xy DELY ¢ DELT oWy Ky TLAST 4 VISC ¢NMMEGA 4G Xy GY 4
1 DELXSQ+DELYSQyDX4%¢DY4 ¢ GXDELX 3 GYDELY 4VISCX 4 VISCY o COMOG,OMGO 7,

2 XYy XOYSeVXgVYs VXY FDELXyFNELY s TNXNY,DXADY 4 DYONXyGYHGXW yNLAST
3 KoLoTTgJJyITPLadJIPLyIIML,JIMI Ny Ty DELPHT, DMAXyCONMAX s XMAX o NPART
COMMON/ UVP /UL 44 444 12) oV 4h 44 ,2) oPHT (44 464 ) 3 D144 4 44) yRUAA,44),

1 DCONyPCON,MAXIT, [TERO, ITERT,SDMAX
I=v

J=X

FPRESS=5C.0*PHI(14J)

RETURN

END

SUBRDUTINF CONSTT
» C-—~—=CALCULATES CONSTANTS
COMMON DELXsDELYsDELTyWoHTLAST VISC,CMEGA,GX+GY ,
1 DELXSNoDELYSQesOX49DY4eGXDELX,GYDELY,VISCX,VISCY,LOMOG,0OMGN7,
2 XOY o XOYSeVXgVY s VXY 4 FDEL X3 FDELY s TOXDY,, DXODY, DYONXy GYHGXW NLAST,
3 KeloyIT9JdJelIPL1sJIPLsITIMI4JIML 4Ny T oDELPHT DMAXyCONMAX 9 XMAX  NPART
COMMON/UVP/U{4404402) s V1 444444 2) +PHI(44,44),D(44,44) R(464,44),
1 DCONLPCON MAXIT,ITERO,ITERI 4 SOMAX
GX=0.0

e



GY =0 .0

DELXSQ=DEL X%%2

DELYSQ=DEL Y*%2

DX4=4 ,0¥DELXSQ

DY4=4.0%DELYSQ

GXDELX=GX*DELX

GYDELY=GY*DELY

VISCX=2,0%VISC/DELX

VISCY=2,0*%VISC/DELY
C-———-0OMEGA IS THF RELAXATION FACTCR

COMOG= 1.0 - OMEGA

OMGNZ=NMEGA/ (2.,0%( 1. 0/DELXSQ+1.C/DELYSQ))

XOY=DELX/(2.C*DELY )

XOYS=VISC*NDELX/DELYSQ

VY=VISC/DELYSQ

VX=VISC/DELXSQ

VXY=VISC/(DELX*DELY)

FDELX=4 .0*DELX

FDELY=4.0%DELY

TOXDY=2.,0%DELX*DELY

DXQODY=DELX/DELY

DYODX= DELY/DELX

GYHGXW=ARSI{GYXH)+ARS{GX*x W)

NLAST={TLAST+C2.001)/DELT

II= 2.0 + H/DELY

JJd= 2.0 + W/DELX

TiPl=11+1

[IM1=11-1

JJP1=JJ+1

JUML=gJ4-1

RETURN

END

SUBRQOUT INE INIT
C—-————PRINTS INDENTIFYING INFORMATION

INTEGER BBBR(8)

EXTERNAL FPRESS

LOGICAL CUBE

COMMCN DELXyDELY DELTyWyHs TLASY,VISCOMEGA+GX+GY
1 DELXSQyDELYSQyDX4yDY4y GXDEL Xy GYDELY,VISCXyVISCY, COMOG,OMGOZ,
2 XOYWXCYSeVX VY4 VXYFDELX,FDELY,,TOXDY,DXODY»DYODXy GYHGXW ¢NLAST,
3 KelslTledJsyITPLyJUPLoTIMLyJIML G NyT+DELPHT 4 DMAX 3 CONMAX yXMAX 3 NPART
COMMON/UVP/UL44 44442 ) 1V {44944452)3PHI(G44,44)4D(84444)yRU4G4444),
1 DCON,PCCONyMAXIT,ITERG,ITERLSDMAX

COMMON/MI/MyMLAST,, X(15600).Y{ 1600}

COMMON/VC/VEX (1500),VCY{1500),JCH{50).NPPC
COMMDN/LABEL/LABI(15)
COMMON/PL/VPROFL{50) UPROFLIS5C}, VERTPS{S50) 4HORZP S(5C)
DIMENSION LABA(LS)

DIMENSION S(3800)

DIMENSION CHART(3)

DIMENSION FIN(6)

DIMENSION VXC(16)

DIMENS TON BX(5)4BY {5}

DIMFENSINN DE(S),CE(6),10(3), IK(3)
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DIMENSTON INTL{T7)+INTZ2(20)INTI18) 4 INTA4{14) UNX{2)UNY (2)
DIMENSION TITLL(39)

DIMENSTION FRAMX({B),FRAMY (3)

DIMENSTON XVELULL}),YPOS(S5)Y,TPAR{12) ,YVEL(12),XPOS(5),TPND(13)
CIMENSION VCXP{16030),VCYP(160C)

CURE =.FALSE.

DATA LABA/4H PRE24HSSUR 4 4HE. v4HWALL y4H MCV,4HES T,4HN Y L4HDIRF,
14HCTIO,4HN.  /

DATA FRAMX/1e099¢0¢16099¢091eCele0+49.0:9.0/

DATA FRAMY/8,066,8.06691.934916934491.934,8.066+14934,8,.066/

DATA VXC/*POSITICN OF VORTFEX CENTERSCIUPPER WALL MOVES FROM LEFT T
10 RIGHT/

DATA FIN/'$CO8D4SRIFIERISRAETHE FND'/

DATA SYMROL/*#+%/

DATA wWL/'3Y/

DATA CHARX/*X'/

DATA CHARY/'Y'/

DATA CHART(1)/* T= */

DATA BX(1)4BX{4)yBX{5)1/3%2,5/,BY[1),BY(2),BY(5)/3%2.,5/

DATA XW/2.0/4YW/2.5/

DATA DE/*'SNDMAX = '/,CE/! CONMAX = %/

DATA JTO/*ITERO = ¢/, IK/*ITERT = '/

DATA INT1/'$5D3¢RIERIER4ESAINPUT DATAY/

DATA INT2/'$DSSRTEGNDSGEX = SLOXXXXXXXXERASGNDEGFY =6RTXXXXXXXX$ERA

L$GNDSGFY = tL3/

DATA INT2/*SDTSRTREWNFEWF = 1/VISCASITY = sL6 $R4OMEGA =
1 L6/

DATA INT4/* SDISRTIGEWNXEWF = SLEXXXXERAGHRWUNYSEWE = LT/

DATA TITLL/*4C4¢RIERGSRIATDIFLACOAMPUTER SOLUTICNSDISLISL20F THESCR
14RO SRIUNSTEADY NAVIER-STOKES FQUATINNSSN3ISLOSLOBL2FNR FLOWEDIELAIN
2 ASDISLISLATWD DIMENSIONAL CAVITY'/

NDATA UNX/22.0432.C/4yUNY/48,0,48,0/

DATA SVCU/*H'/

DATA XVEL/*VELOCITY COMPONENT PARALLEL TD MOVING wALLY/

DATA YPDS/'VERTICAL POSITIONY/

DATA TPAR/*VERTICAL VELCCITY TRAVFRSF THRQUGH VNRTEX CENTER*/
DATA YVEL/C*VELOCITY COMPONENT PFRPENDICULAR T MCOVIMNG WALL'/
DATA XPOS/YHCORIZONTAL POSIYIONT/

DATA TPND/YHCRIZONTAL VELNCITY TRAVERSH THRNUGH VORT ¢  FNTERYY
DATA BHBR/S%% v, ¢ [EO*, " DON®,,'OVANT/

VPROFL(1)=1.0
HORZPS(1}=0.0
VERTPS(1)=W
DO 1 1=1,15

LAB(II=LABA(TD)

IRF=1.0/VISC

1IM2=11-2
JIM2=94-2
FIIM2=11IM2

FdIM2=ggM2
FIl=11
FJIJ=JJ
XENG=JJ+3

YRNG=I1+3

IF(W=H) 64748

XMRG=3,5
YMRG=2.0
GO T 3§
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7 XMRG=2,0
YMRG=2.0
GC 1T 9
8 XMRG=2.0
YMRG=3,5
9 BX(2)=FLOAT(JJ)1+0.5
BX(3)=8X{2)
BY{3)=FLDAT(II)+0.5
BY (4)=8Y(3)
~——PRINTS IDENTIFYING INFORMATICA

CALL I RGON
CALL LRCNVT(DELX+3,INT2(6)43,8,7)
CALL LRCNVTIDELYs3.INT2(12),43+8,2)
CALL LRCNVT(DELTy3,INT2(19),345,2)
CALL LROCMVT(IREWL+INT3(9)4148,401)
CALL LPCNVTINMEGA+3,INT3(17),3,5,2)
CALL LRONVT{OX,4 3, INT4(T)y3y442)
CALL LRCNVTUGY34INT4(14)43 4442}
CALL LRGRID( 1914069406 0)
CALL LRANGE(C40v55.C+0.C+55.0)
CALL LRLEGN(INTL 42543+l e0y94640.0)
CALL LRCURVIUNXsUNY,24249SYM, 0.
CALL LRLEGN{INT2,93,0,1.049.6+3.0)
CALL LRLEGN{INT 447240910y 7e64+2.01
CALL LRLFEAN(INT4+554091eC 9601401}
CALL LRLEGNI{TITULL1+1534041e24946,1.3)
RE TURN
ENTRY LfADER
CALL LRMCN
CALL LRMRAON(GCeO9(CeI43.C»0.0)
CALL LRANGE(OeCo1lUa0U20.0410.01
CALL LRGRINI{1,414+0.740.01)
CALL LRNQOM
DO 2C 1=1,32
20 CALL LRCURV(X,Y'O'l'SYM'l.O)
EOP=0,0
DC 21 I=1,5%
IF(].FQ.5) FMP=1.C
CALL LRCURVIFRAMX, FRAMY 44,2,SY%,9,90)
21 CALL LRCURV{FRAMX{S),FRAMY(5),4,2,SYM,FNP)
NO 22 1=1,48
22 CALL LRCURVIX,Y,0,1,SYM, 1,0}
EQP=C.C
DN 23 1=1,5
[FII.EQ.5%5) FCP=1.0
CALL LRCURV{FRAMX,FRAMY 44,7,5Y¥,7,.))
23 CALL LRCURVIFRAMX(9) 4FRAMY(5) 44,24,SYMEQP)
DO 24 1=1,5
24 CALL LRCURVIX,Y,0el,SYM,1.0)
CALL LRMOFF
RETIRN
ENTRY ORNTI]

C———==PRINTS INITIAL PARTICLE PASTITIONS
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CALL LRMRGNUIXMRG,, XMRG,YMRG,YMRG)
CALL tRANGFE( {40y XRNGCoC s YRNG)
CALL LRGRIDI(141,040,0.01)

CALL LRXLFG{CHARX,1)



: CALL LRYL EG(CHARY, 1)
; CALL LRCNVTI{T,3,CHART(2),3,8,2)
! CALL LRTLFG(CHART,12}
CALL LRCURVI{BX,3Yy5,2,SYM,0,0)
CALL LRNON
4 CALL LRCURVI{X,YyMLAST5,SY"R0OL,1.0)
‘ CALL LRNQOFF
RFTURN
ENTRY PRNTN
————— PRINTS NEW PARTICULE POSITIONS

o

i CALL LRMRGNIXMRG,XMRG,YMRG,YMRG}
& CALL LRANGE(CeJs XRNG +Co 04 YRNG)
\ CALL LRGRIN{1,1y0.0,0.0)

YW=YW + DELT/DELY
j TF{ YW.GELFLOATIII)+0.49) YW=2,.5
1 CALL LPCNVT(T,3,CHART(2),3,8,2)
CALL LRCNVT(SNDMAX,3,DE{3),4,9,2)
CALL LRLEGNI(DE 317404304 10.0,C.9)
CALL LRCNVT(CONMAX ,3,CE{5)9499,2)
CALL LRLEGN{CE+21+015e6,5,10e04,C.0)
CALL LRCNVTUITERO,y Ly I0{3)y1944,0)
CALL LRLFGN{IN)1240434540.4,0.01
CALL LRONVTUITERI21901K(3)y144,0)
CALL LRLEGN(IKs12¢40+6el9CatyCaD)
CALL LRXLEG(CHARX,1)
CALL LRYLFEGICHARY, 1)
CALL LRTLEG{CHART,12)

C-———= POSITION 0OF MARKER INDICATING VELOCITY NOF WALL
CALL LRCURVIXWyYWslsbdeWl +040)
C————=0QUTLINE 0F CAVITY

CALL LRCURVIBX48Y45,2,SYM,0.0)
CALL LRNON
CALL LRSON
CALL LRCURVIX Y MLAST 5,SYMB0CL,1.0)
CALL LRSOQOFF
CALL LRNCFF
RE TURN
ENTRY TATL
DC 2% I=1,48
25 CALL LRCURVIXsYsOyleSYM,1,.7)
RETURN
ENTRY PRNTF
C————=PRINTS FINAL FRAME CF MNVIE ANTD DOSTITEONS OF YO TEX CFNTFRS

CALL LRMON
CALL LRLEGNIFING2?29C41e04Fe641. 71}
C-————~- NORMALIZE THF VARTEX CENTFR PUSTTI NS

v NG 2 I=1,NLASY

VEXP{ D) =W (1 0= (VEX (T )=-2.5)/FJJVv2)

2 VCYP LTI I=(VCY{TI)}=2.5)/FT1IW2

. VEXN=VCXP{(NLAST)

VCYN=VCYP({NLAST)

CALL LRANGE(G.OsH,Je0eW)

CALL LRGRID(29290459045)

CALL LRMRGN{YMRG YMRG XMRGyXMRN)

CALL LRCHSZ(3)

CALL LRTLFGI(VXC,63)




-—POSITION NF UNSTEADRY VORTEX CENTER AT END OF CALCULATICN

CALL LRCURV{VCYN,VCXNyls4ySVCU,0.0)

——POSITION 0F UNSTEADY VORTEX CENTER DURING CALCULATIONS

CALL LRCHSZ(G}

CALL LRCURVIVCYP,VCXPyNLAST,2,5YMs1.0}
CALL LRGRID(242+0.25+0.25)

IVC = VCY{NLAST) + Q.5

JVC = VCX{NLAST) + 0.5

PL = 0.5 + VCY(NLAST) ~ FLOAT(IVC)

QL = 05 + VOXUNLAST) - FLOAT(4VC)

~—TRAVERSE PERPENDICULAR TO MOVING WALL

DO & JJP=3,J44

JP = JJp -1

VPRNDFLIJP) = PLAVIVC,JJP,K) + (1.0-PLYIXVIIVC=1,JJP4K)
VERTPS(JP)=wk (10— (FLOAT {JJIPI=-2.5)/FJIM2)

CALL LRMRGN(1.0,06%9140+0.4)

CALL LRANGE{—-0Ce551.0+0.044W}

CALL LRXLEG{XVEL,47)

CALL LRYLEG(YPOS,17)

CALL LRTLFEG(TPAR,4%)

CALL LRCURVIVPROFL{2) 4VERTPS(2)9JIM?44,5VCU,0.01
CALL LRCURVI(VPROFL,VERTPSyJJs2+5C»1.01

——TRAVERSE PARALLEL TO MOVING WALl

DO S 1IP=3,11

1P = IIP - 1

UPROFLUIP) = —QL*U(TIP,JVC,K) = (1L.0-QULI*U(TIP,JVC-1,K}
HORZPSCIPI=1 FLOAT(IIP)-2.5 ) /FIIM2

CALL LRANGE(QeO9sHy=045,1.01}

CALL LRXLEG(XPNOS,19}

CALL LRYLEGIYVEL,47)

CALL LRTLEG(TPND,50)

CALL LRCURVIHORZPSIZ2)Y,UPRNFL(2),11M2,4,5VCH,0.0)

CALL LRCURVI(HOR7PS,UPROFL,IT,2,5C»1.0)

-—3D PRESSURE PLQOT

IFIW.GTHY JIM2=gJgM2/2

TF{W LT H) TIM2=11%2/2

CALL PLOT3D(3.02vFIJ13e04FI1sS IIM2,0UM2,11IM2,JIM2,FPRESS,CUBE)
CALL ROTATE(Ce040e0+945.0 v TRUFW»oFALSE,)

CALL ROTATE{C.D935.090.09yeTRUF .y FALSE,)

RETURN

END

CALL LRMON

SUBROUTINE DANDR

C~-—-——CALCULATES DISCREPANCY AND SOURCE TERM FOR POISSON'S FQUATION
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COMMON DELXGDELY,DFLTyWsHy TLASTZVISCyOMEGA,GX,3Y,
1 DELXSQNyDELYSQsDX4sDY44GXDELX,GYDFLYVISCX,VISCY COMOG,UMGNT,

2 XOY o XOYSyVX VY UXYZFDELX,, FOEL Y TOXDY DYDY DYND Xy GYHGXY 4NLAST
3 KeloIT o JdJ e IIPLsJJPL,TIML 4 JIML W NyT,NELPHI +DMAX, CCNMAX,y XMAX 4 NPART
CNMUONZUVP /UL 4404442 o V1 8443444 2) yPHT 144,440 4D 44 ,44) yRIT44,4,6410,

1 DCONGPCUNGMAXITLITERD, ITERI,,SDMAX
DMAX= 0.0
DO 22 Jd=34JJ

pn22 1=3,.11
DUT,d)= (UCT a3y L}=UlT4J-1,L)) / DELX#+IVII,J,L)=VII-1,J,1L1})) / DELY

IF (ABS(D(I,J)).LE.DMAXY GN TC 22
DMAX=ARSID{l,Jd}}
SOMAX=D({T,J)



(————~GENERAL TERM
22 RUTI4d)= ((UCT S+ LI *ULT oL )52 — 2,0%(UCT3d oL Y4UCTyd=14L) ) %%2
 LULT 9 d=1a L) #UCT 3 J=24L) ) x%2) /DX4
CIVOT+Lydo L) #VITodel} )5 %2 — 2,0%(V(Iydal) 4V (I~1yJ L) )%%2
(VUI=14Je L) +V(1=2,J,L))%%2)/0Y4
COUCTH 9 d ol ¢ UCT 3 Jy I VR (VT 341 3 L)+V(Lgdsl))
(ULT o d=1o ) +UCT=193=1 4L ) 0 #(VII=1ydgl I 4+V(i-19d=1,0L))
(U([oJoL)"‘U(I‘l QJyL))*(V({“l’J"l,L)*V( [—1'Jvl_ ,)
T o= (UCT+ 1, d=Le L) +ULT g =1L )% (VI T g sl ) 4V(ToJ=-1,L)))/TDXDY
8 — D(I,J)/DELT
27 DO 23 J=3,4J

[ ROW ARNVE UPPER WALL
RI24J1= 0.25%( OYODXHR{ (U033 JsL)1 40029 Je L)V A(V(2,J41,L)4VI2,J,L))
= (U3 d=1 oL +U{23d=1 o L1 IR (VI23JoLY+V{2,J-1,L)))

0 IVIBd e L)V 2o L)) RED= (V{299 LI+V(Ledyl) V52 ))

— 0 S5%VISCX%{ DYNDX®*(V{2,J+1sL)=2.0%V(2,J,LV+VI2,J-1,0L))

= LUT3sdy LY =UL34d~1oLY=U(2yJ,L)+U{24J-1,L)}) ~GYDELY
\ [ofp— RNW RELOW LOWSR WALL
23 RUIT4L4J)= =Co25%(({ V(IT+1yJyL)+V{ITgdoL )V %%2
— (VI T g J oL ¥ +VITI=Tydyl) ) %x2)
DYODX®{ (UCTTI+1odol)+UCTTodoL))S{VIIToJ+LoL)+VIIT 4 d,0L))
TUCTT4L =1y L) +UL T4 J=1 L)V (VITTgdsLI+VI{IT4d=14L))))
0o5%VISCX%E DYNDXE(V(IT gJ#1 L)1 =2.0%VIIT o Jsl)+VIIEyd=1,1))

‘ (UCT T+ o d L) =UCTTI#L g =Lyl 0-UlTILoJd L) +UlTI4J=14L)3) + GYDELY
| DO 24 [=3,11
o— COLUMN BEFORE LEFT WALL
| R{T92)= 0.25%{ {(U(Ty34L)+UlT42,L))%%2 — (U{L42,L 34Ul Ly1,L))%%2)
] 1 + DXODY*( (ULT+142,L)+UCT42,L)00%(V(I,43,L)+VI[,42,L))
ﬁ 2 = (ULT=192yL)4UlL 2, L)) %(V{I=193,L)+V({I=142,L))))
3 — 0.5%VISCY®( DXOOY#{ U(I#1424L)=2.0%U{LI425L)+U{I-1,2,L) )
4 = (VUT 9341 =VII=1934L)=V(I,24L)¢V{I=142,L)}) =GXDELX
C—-———=COLUMN AFTER RIGHT WALL
24 RIT4JJ*10= —0.25% L1 (UCT 2 JJ+1,L)4UCT,Jd,L ) ) %%2

— LU g Jd oLV 4UTT g JJ=1 L)) %%2 )
DXODYR{ (UCT+10dJsL ) #UCT4dd, L)) (VI T JI+1,L)+V(T,3d,0L))

(UCT =19 dJ L) #ULT 3 JJ L) 12 LVIT=1 g JJ+1 LI #ViT-19JJsL ) ) ))
OeSHRVISCY®( DXONYHR( UlLI+1430J9L)~2,0%UlT,JJyL)+U(LI=1,JJsL1))
(VUL g JI+Ly L) =VITI=Lodd+1oL )=V T4dd L) +V{I=1sJJsL) 1)

+ GXDELX
RETURN

END

1+ + + +

VP wnN -
I+ 1+

fo SR, I -NEVE AL R
I+ 1+

‘ SUBROUT INE PRESS

- === CONTROLS ITERATION OF POISSON'S EQUATION AND DETERMINES CONVERGENCE
, CNMMON DELXyDELY yDELTyWyHs TLASTHVISCyOMEGAGX4GY y

1L DELXSQ,DELYSQyDX44sDY4y GXDELXyGYDELY 4 VISCX4VISCY,,COMOG,0OMGOZ,

E 2 XOYaXNYSeVXeVY VXY FDELX,FDELY, TDXDY, DXODY s DY(OIDXy GYHGXWsNLAST,
! 3 KeLloITyJIslIPLyJJPLsITIMLyJIML oNyToDELPHI yDMAX2CONMAX 4 XMAX ¢ NPART
COMMON/UVP/UL4434442) V1440444 2)PHI(44,44),D{44,44) yR{L4,44),

1 NCONyPCCNyMAXTIT,TTERC,y ITERT »SNMAX

DIMENSTION CON{444+44), TEST{ 44 ,44) yCOINST(44,444)

IL =2 + (112172

DN 36 J=2,J4JP1

DA 36 [=2,11P1
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36 CONST(IsJdl= 0.25%({UIT2JyL)+UlTed=1,0) )%k
1+ (VI JeL)#+VEI=14JdyL) 1%%2) ¢GYHGXY
[F{ ITERO.NE.1 ) GO TO 31
IFU ITERI.EQ.5 ) 6N TO 31
ITERT = ITERL - 1
31 DO 35 I0UT=1,MAXIT
C----—MAXIT IS MAXIMUM NUMBER OF TTERATIONS
ITERD = 10UT
DO 32 IIN=1, ITERI
CALL ITER
32 CONTINUE
DO 33 J=2,JJP1
D0 33 1=2,11P1
33 TESTUI4d)= PHI(I,J)
CALL ITER
CONMAX=0.0
C-----TEST FOR CONVERGENCE
DO 34 J=3,J4
DO 34 [=3,I1
CONCI,J)=ARST PHI{I,JI=TEST(I4J) }/(ABS( PHI(I,J) )
1 + ABS (TESTUI,J) ) + CONST(I,J) )
TF{ CONUI,J).GT.CONMAX ) CNNMAX=CON(T,J)
34 CONT INUE
[F( CONMAX.LE.PCON ) GO Tn 37
35 CONTINUE
ITERD = MAXIT
RFTURN
37 TST = 0.25%( PHILIL,JII+PHI(IL,JIPLI4PHILIL+1,JJ)+PHTLIL+1,J0P1) )

CHG = 1.0-TST .
C~————-NORMALIZFE TO PHI= 1.0 AT CENTER OF WALL OPPOSITE MOVING WALL

DO 38 J=2,J44P1

DO 138 I=2,11IP1

PHI{I,J) = PHI({I,J) # CHG

38 CONTINUE
RETURN
END

SUBROUTINE ITER
COMMON DELX DELYDELT W Hs TLAST,VISCyOMEGASGX46Y,
1 DELXSQsDELYSQyDX4yDY4y GXNDELXWGYDELYZVISC Xy VISCY COMOG,0MENZ,
2 XOY o XOYSe VX gVY o VXY R FDEL Xy FDELY,, TOXNDY, DXDDY ¢ DYDY, GYHGX I, ML AST,
3 KelolloddsTIPLydIPLyIIMLIeJIMI NGTHDELPHI #NDMAX4CCHMAX o X MAX , NPART
COMMON/UVP/U (4444442 ) V{48944 2)3PHT(44444) sDU A4 44) yR{(40,%44),
1 DCONyPCONMAXIT,ITERD, [ TERT,SDMAX
C-—-———ROW ABOVE UPPER WALL
DO 41 J=3,JJ4
41 PHI(24J)= PHII3,J)+R(2+J)
Comome COLUMN BEFORE LEFT WALL
DO 43 I=3,11
PHI(I2)= PHI{I,3)+R{I[,2)
D0 42 J=3,J4

C——--— GENERAL TERM
42 PHTI(I J)= COMOGXPHI(IL»J)+OMGCZ*((PHI{T,J+1)+PHT{TI,J-1))/DEL XSO

1 + (PHI(I+1,J)+PHI(I-1,J))/DELYSQ+RI(1,J))
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C-—~—- COLUMN AFTER RIGHT WALL
43 PHI(TLJdJ¢l)= PHIC(TL »JJ)I+R(T,4JJ+1)
C————-R0OW BELOW LOWER WALL

00 44 J=3,JJ

44 PHI(TI+14Jd)= PHIUIL+J) + R(ITI+1l4d)
RETURN
END

SUBRCUTINE UANDV
Come—- CALCULATES AXIAL AND NORMAL VFLOCITIES
COMMON DELX+DELY+DELT s WeHe TLAST«VISCyOMEGA,GX4GYy
1 DELXSQ+DELYSQyDX4+DY4 +GXNDELXyGYDELY »VISCX,VISCYCOMOG,0MGOZ,
2 XOY g XOYSeVXeVYy VXY FDELXZFDELY+TDXDY,DXODYDYCDX s GYHGXW ¢NLAST
3 KalolloJddelIPYJIPLyTIML,J MY NyToDELPHI,DMAX,CONMAX s XMAX,NPART
COMMON/UVP /UL 44 444 92) sV 4404442) sPHI(46444)4,D(44044)yR(44,444),
1 DCON,PCONJMAXITy ITERO, ITERT, SDMAX
DD 52 I=3,I1
DO 52 J=3,J4J
C—=~———-GENERAL TERMS
UCT o JoK) = UCTyJgLI+DELT*(C(UTT o dyLI+UCT9d=1,L ) )%%2
(UL J+ 1 L)+ULT 4 JyL) ) %%2) /FDELX
+ UL J LY+ I=1,d, L)) *IVITI-1ed ), L) 4VITI-1,d,L))
= (UTT+1,d L)+ T o do L) )R {VIToJ+1,L)+V Iy el )))/FOFLY
+ GX+(PHI{IJ)-PHI(TyJ+1))/DELX
+ VYR{ULTI+Ll,J L) -2.0%U(TL4JyL)+U{I=14Jd,L)})
= VXYR(VIT s J+Ll o L) =VII=1J+ 1, L)=VIT,JdsLI+V(I-1,JsLI))
VIIyJeK)= VIIgJdyL)+DELTH({(U{T+1led=-1sL1+UC(L4d-1,L1))
EAVIIy L I+VII o d=1, L) )= (U (T+1,doL)+ULlL4dsL))
AVIL o+ L)#VII o JyL) )] /FDELX
F OOV a3 LI 4VII- 1y dy L) )22 (VIT4+ L Jo L)+ VIT o) oL V) *%2) /FDELY
+ GY+{PHI{I,J)-PHI(1+1,J))/0DELY
+ UXRIVIT g J¢lyL)=2.0%V{IsJeL}¢VIIaJ=1,L))
6 — VXYX{ULT+19JdsL)-UlTeJoyL)-U(T+LyJ~14L)+U(],J=1,1)))
52 CONTINUE
DO 53 J=3,J4J

1
2
3
4
5

C-———= LOWER NO SLIP ROW
53 V(IT14JsK)= 0.0
PR RIGHT MO SLIP WALL

DO 51 I=3, 11
‘51 U([pJJvK,= U.O

Cooom- CALCULATE BOUNDARY VALUES
DD 54 J=3,JdJM]
C——- ROW ABOVE UPPER NO SLIP WALL

Ul?9JeK)= =U(34J,4K)
ViledeXK)= =V{(3,J,4K)
C-———=- ROW BELCWw LOWER NO SLIP WALL
U(CTI+1,J4K)==U{TI+JsK)
54 VI(II+1esd4K)= =V{I[I-14J+K)
VileJdJeK)= =VI3,JJ4K)
VIiIT+lyJJyKl= =V{II-1sJJ4K)}
DO 55 [=3,11IM1
C——=— CNLUMN REFORE LEFT MOVING NO SLIP WALL
Ul{TeleKY¥= =U{143,K) )
V(I,2+K)= 2.,0-V{I43,.,K)
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C————COLUMN AFTER RIGHT NO SLIP WALL

UlTeJdd+1 4K )= =UlT,dJd=1,4K)
55 VI14JJ+l K)==VI(I4+JJ,K)}

UUTT 1o K)=-UIITT43,4K)

UlTIT,Jd+1,K)= =UU(11,4d-1,K)
-—-—UPPER LFFT CCRNER

U(Zv?,K)= U(3'2,K‘

VI2429K)= V(243,K)

---LOWER LEFT CCRNER

UlTT+1,2K)= UCTLs2.K)
VIIT+42+4K)= VIIT,43,K)}

~-——UPPER RIGHT CORNER

Ul2yJdJeK)= —UL(3,Jd,4K)
V(21JJ+1 vK,'—‘ V(Z,JJ,K)

———L{OWER RIGHT CORNER

UCTI+1,JdsK)=—U(IIyJJeK)}
VIIT.JJ+1+KI= VIITyJJsK)
RETURN

END

SUBROUTINE VTXCTR
-——CALCULATES THE POSITION OF THE VORTEX CENTER
COMMCN DELXyDELY s DFLY yW o Hy TLAST,VISCyOMEGALGXy GYy
1 DELXSQ,DELYSQyDX4+90Y4 ¢GXDELX 4GYDELY 4 VISCX4VISCY,COMOG, OMGOCZ,

? XOY e XNYSaVX VY VXY, FDEL Xy FDELY, TDXDY,DXODYDYONXyGYHGXW yNLAST,
3 Kyl Il o JdJIsIIPLJJPLyIIMLaJIMY Ny Ty DELPHI»DMAX,CONMAX,, XMAX ,NPART
COMMON/UVP /{44 346442) + VI 4444442) yPHTI{44444) D044 444) yR{44,44),

1 DCONSPCONyMAXIT, ITEROC, ITERT, SDMAX
COMMCN/VC/VEX {1500} 4vCY {15001},JCH(50),NPPC
FUNCT(A,B)=ARST A/{A-B) )

DO 93 I=3,11M]
DO 91 J=3,J4JMl
IF (VIT,JsKIFVIT 4 J+14K}LELQ.CY G TO 97

1 CONTINUE

VECXINY = 0.0
VCYIN] = 0.0
RETURN
92 JCH(I)= J
S3 CONTINMUE
JCHUTIY = JCH(TIML)
DO 94 I=12,11IM1
ITHOLD = I
Jo JCH{I-1)
J1 JCHI{T)
J? JCH{UT+1)
IFC ULT 2 JL o KI®ULI+1,J2,K).LELCL) ) GO TO 95
94 CONTINUE
VCX(N) = C.0
VCY{N) = 0.0
RETURN
95 [F({ ABS(ULIHOLD#1,J2,K)})1.GTLABS(ULTHOLD,,J14K))Y } G TN 96

iHonou

C--———UPPER HALF CFLL
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vi

GO
————— LOW
96 X1=
X2=

Yl
Q7 IFH{
[F(

= FIOAT(IHOLD) 40,5

™ 97

ER HALF CELL

FLOATUIC)I+FUNCTL VUIFOLD=19J0 K)o VIIHOLL~14d%+1yK)
FLOAT(JLI+FUNCTC VIIHOLD ¢J1 4K} o VIIHOLDsJ1+1,4K) 1}
= FLOAT(IHOLD)-0.5

J2.NE.Jl } 60 TO 103

ARS{VIIHOLDpJ1414K))GELABSIVIIHOLDyJ1,,K}) ) GO TO 106

C~—-——LEFT HALF CELL

on
IM=
TE
98 CON
VeX
vCY
RET
99 Y3=
Y4=
X3

98 1=11,11IM]

I

UCI+1,01+1,K)*){1,J141,K}.LE.0.0 ) GO TQ 99

TINUF

(N}=C.0

{N)=0.0
URN

FLOATCIHOLDI+FUNCTE UCTIHOI Dy J1,K)YyU(THOLD+ 1, J1,K)
FLOAT{IMI+FUNCT( UlIMeJ1+1,K) Ul IM+L,J1+1,K) )
= FLOAT(J1) + 0.5

GN TN 108

————— RIG
10C DO
Im=

IF ¢
1C1 CON
vC X
vCY
RET
102 v¥3=
Y4=

X3

G0
————— J2.
1¢3 N0
Eml

1F(
104 CON
Ve X

vCvY
RET

109 o6
[M2

I[F(

105 CON
vCXx

v_CYy
RET
1C6 IF(
Y3i=
Ya=

HT HALF CELL

101 [=11,11IM1

I

UCT 9 J1-14K)%U(I+1,J1~1,4K)sLF.0.0 ) GN TO 102
TINUE

{N)= 0,0
[N)= U.0
URN

FLOATCIMISFUNCT( UlTMyJl—-1,X),UlIM*1,J1-1,K) }
FLOATUIHOLD)I4FUNCT( UCTHOLD 2 JL +K) ¢ U(THOLD+ 1 4J1 4K}
= FLOAT({J1) - 0.5

e 1c8
NF.J1

104 I=IHOLD,IIM1

= 1

ULT pJl e KIXULT+ Ly JlyKILLE.P, O ) 50 TD 109
TINUE

(N) = 0.0

(N) = 3.0
RN

105 1=11,11IM]1

= 1

UL 4J2.K)HU(I+1,J2,K}.LELQO ) GO TO 106
TINUE

{N) = 0.0
{N} = 0.0
URN

J2.GT.J1 ) GO TO 107

FLOATLIM2 I FUNCT L U(IM2,02,K),U0IM241,07,K) )
FLOATCIMII+FUNCTT UTIML,JL4K)UTTIML#L ,J1,KY )

X3 = FLOAT{J2) + 0.5

G0
167 Y3=
Y4=
X3
108 RS
vey

TO 108
FLOATIIMLY+FUNCTL ULTML o Jl oK) o IML 1 4,J1 ,K)
FLOATUIM2)+FUNCT O UCIM2,J2,K),U{IM2+]1,42,X) )
= FLOAT(J1) + 0.5
= (Y3-YI4(Y4-Y¥3)H(X1-X31)/{1le0-{Y4~YI}X(X2~-X1))
(N) = Y1 + RS

)



VCX(N) = ¥1 + (X2-X1)*RS
RETURN
END

SUBROUT INE PART

———GENERATES INITIAL PARTICLE DISTRIBUTION

COMMON DEL Xy DELYsDELToWeHe TLASTyVISC yOMEGA,GX¢GY

1 DELXSQ,DELYSQyDX4yDY4y GXDELXyGYDELY4VISCX,VISCY,COMOG,0OMGNZ,

2 XOY e XOYSyVXeVY s VXY FDELXoFNELY TDXDY,DXODY, DYCOXy GYHGXW,NL AST,
3 KolalloJddelIPLaJJPLlyITMLeJIMI yNyToDELPHI 4DMAX3CONMAX,y XMAX,, NPART
COMMON/UVP/U(4444442) 3y VIa4444,2),PHIL44,44)sD44444) 4R(44444),

1 DCONJPCONyMAXIT,ITERD,ITERT , SDOMAX .
COMMON/MI/MyMLAST,X{1600),Y( 1600}
COMMON/VC/VCX (1500 ) 4VCY (1500),JCH{50),NPPC
[IM2T=2%{[]-2)

M=0
IFINPPC.EQ.4) GN TN 62

C~——-0NE PARTICLE PER CELL ( DELX=DELY )}

52

DO 61 J=3,JJ
XJd=J
DD 61 I=3,I11
Yi=1
M=M+1
X{M)=XJ
61 YIM)I=YI]
MLAST=M
RETURN
—-——FQOUR PARTICLES PER CELL ( DELX=DELY }
62 DD 64 J=3,J0J
XJ=FLOAT(J)-0.25
DO 63 I=3,11
YI=FLOAT(1}1-0,.25
M=M+ ]
X{M)=XJ
Y(M)=Y]
X{M+IIM2T)I=XJ+0.5
Y(M+[IM2T)=Y1
M=M+]
X{M)=XJ
Y{M)=Y]I+0.5
X{M+TIM2T)I=XJ+0.5
63 Y{M+IIM2T)=YI+0.5
M=M+TIM2T
64 CONTINUE
ML AST=M
RETURN
END
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C=—=———-PARTICLE IS

SURRCUT INF MNVE

C—————~CALCULATES PARTICLE MOVEWNMENT

MON DEL Xy DELY yDEL T o WeHs TLASTVISC yMMEGALGXGY,

1 DELXSDDFLYSQ¢yDX4 4yDY4 o GXDELX 3 GYDELY 4 VISCXVISCY,COMOG,0OMGO7,

2 XOYyXOYSa VX e VY s VXY oFODELXyFNELY o TOXDYZDXNDY s DY DX 3 GY HGXW o NLAST
3 Kol o lTlpJdelIPLyJUPLyTIMLIZIIMLNGTLOELPHT 4DMAXZCONMAX s XMAX ,NPART
COMMON/ZUVP/U44 444 42) ¢V 44 44642),PHI44,44),D(444:44) R 44444,

1 DCONYPCONGMAXTI Ty I TERD,, I TERT ,SDMAX
COMMON/MI/ My MLAST,, X{L600),Y{1600)

coM

F(AQQ'C’D’=

(1.0=-P)®(1.C-NI*A + PX{1.0-Q1V*B + Q¥{1.,0-P}*C + P*Q*D

DO 75 M=]1,MLAST

I =
J =

IN T.J CELL

Y{M) + 0.5
X{M} + 0.5

FRACY= Y{M)
FRACX= X{M}
FRACX + 0.5

FRACTIONAL PARTS 0OF PARTICLE POSITIONS

- FLOAT(T)
- FLOAT(Y)

[F( FRACY.GE.0.0 ) GO TN 71
C-—--—-UPPER HALF CELL
Q = —-FRACY
IF{ T.Q«3 ) GN TO 76
UM = FU UlTed=1+KYoU{T g JyK)oUlI-1oJ=-1,K},U0I-14d,K) )
GO TN 72
Co=——- LNWER HALF CFELL
71 Q = 1.0 = FRACY
IF( T.EQ.II ) GN T 77
UM = F{ UGT+1,0=14K) qULT #1304 K)UlT9pd-1,K),UlledeK) D
72 Q = Co5 - FRACY
IF{ FRACX.GE.D.0 ) GO TO 73
C-=——- LEFT HALF CELL
P = 1,0 + FRACX
IF{ JJEQe3 Y GO TN 73
VM = F({ V([,J—l.K)OV(IvJvK)vV([’IQJ“IQK,vV(I—levK) )
GO TQ 74
(O RIGHT HALF CEtLL
73 P = FRACX
IF{ J.EQ.JJ Y GO TN 79
VM = F{ VIToJdaK) oVIIpJ#1L 3 K)o VII-1 o JgyK)eVII-14J41,K) )
T4 X(M) = X(M) + UM%DELT/DELX
Y{M) = Y(M) + VMA¥DELT/DELY
75 CONTINUE
RETURN
76 UM = (14G0=-P)IXU(34Jd-1,K) + PXY(3,JsK)
GO TN 72
T7T UM = (1.0-PI*UlIT4Jd-14K) + PRULTIT,J,K)
GO 1O 72
78 VM = (1.0-Q)1%VI{T+3,K) + C2xV(I-143,K)
GO TO 74
79 VM = {1.C-Q1%VITeJJyKY ¢ QxV{I-1,JJ+K)
GO TO 74
END
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RL OCK NATA
————— SETS INMITIAL CONDITIONS
COMMONZUVP/ULG4 94442 ) sV 444344 42) 3 PHI 44 ,44) 4 N144,44) 44 (44,44]),
1 DCONyPCONMAXIT, ITERD, ITERT ,SDMAX
COMMON/PL/VPROFLI50) yUPROFL{SC I VFRTPS(50),HNRZIP S{50)
DATA U/ 33872%CeC/oeV/45%04C441%2.0+1895%040941%2.0,1R50%C.0/
DATA PHI/L1936%)1.0/
DATA DCON/3.5F~3/4PCON/20E-4/MAXTT/100/
DATA [TERN/100/,ITERI/L1S/
DATA VERTPS/S5D%0Q 40/ 4 VPROFL /SCHI 0/ 4HNRIPS/S50*x1 40/, —
1 UPROFL/SC*0.0/
END
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Lewis Motion Picture (C-271) is available on loan. Requests will be filled in the
order received.

This tutorial motion picture ''Computer-Generated Flow Visualization Motion
Pictures' (12 min, color, sound) shows how a computer solution of the equations of
fluid motion can be presented as a calculated flow visualization experiment. A motion
picture of the flow is made by using special particles that are moved with the fluid,
displayed on a cathode ray tube, and photographed with a motion picture camera.

Lewis Motion Picture C-271 is available on request to:

Chief, Management Services Division (5-5)
National Aeronautics and Space Administration
Lewis Research Center

21000 Brookpark Road
Cleveland, Ohio 44135

Please send, on loan, copy of Lewis Film C-271.

Name of Organization

Street Number

City and State Zip Code
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